We design, fabricate, and demonstrate a silicon nitride (Si 3 N 4 ) multilayer platform optimized for low-loss and compact multilayer photonic integrated circuits. The designed platform, with 200 nm thick waveguide core and 700 nm interlayer gap, is compatible for active thermal tuning and applicable to realizing compact photonic devices such as arrayed waveguide gratings (AWGs). We achieve ultra-low loss vertical couplers with 0.01 dB coupling loss, multilayer crossing loss of 0.167 dB at 90° crossing angle, 50 μm bending radius, 100 × 2 μm 2 footprint, lateral misalignment tolerance up to 400 nm, and less than −52 dB interlayer crosstalk at 1550 nm wavelength. Based on the designed platform, we demonstrate a 27 × 32 × 2 multilayer star coupler.
Introduction
Recent developments in photonic integrated circuits (PICs) [1] are attracting strong interest due to their advances of building scalable, high-throughput, and low-cost on-chip optical communication system. Silicon nitride (Si 3 N 4 ) based PICs are becoming an outstanding solution because of relatively low optical propagation losses [2] . The multilayer structure is promising for future low-loss, small-footprint, and high-density PICs.
Achieving low interlayer vertical coupling loss and waveguide crossing loss is essential for realizing practical Si 3 N 4 multilayer PICs. The interlayer couplers in multilayer platform utilized various methods including directional couplers [3, 4] , grating couplers [5] , reflector mirrors [6] , and inverse tapers couplers [7] .However, typical reported values for vertical coupling losses are ~1 dB for grating coupled [5, 6] configurations, or reasonably low 0.2 dB [7] for inverse taper couplers with waveguides accompanying large bending radius of 9 mm [8] . On the other hand, typical reported values for multilayer crossing losses are 0.4-0.6 dB [7] , or reasonably low crossing loss of 0.254 dB when using a relatively wide waveguide width of 15 μm [3] . Hence, the trade-off between vertical coupling and multilayer crossing loss for various interlayer distances is an important consideration in designing the waveguide for each layer. For devices with fewer multilayer crossings, shorter interlayer gap helps improve interlayer coupling but introduces large excess losses at crossing. For devices with many crossings, a larger interlayer gap increases coupling losses but reduces total insertion loss. Therefore, optimization of multilayer platform design for low total losses should be based on requirements for specific applications.
In this paper, we report a Si3N4/SiO2 multilayer platform design with core thickness of 200 nm and an interlayer gap of 700 nm optimized for compact multilayer photonic integrated circuits involving devices such as arrayed waveguide gratings (AWGs) with smaller than a 3 × 1 mm 2 die. Based on this design, no measurable excess bending loss is reported with 50 μm bending radius. We achieve 0.01 dB coupling loss from proposed vertical coupler with a 100 × 2 μm 2 footprint and 0.167 dB multilayer crossing losses at 90° crossing angle. Further, we demonstrate a 27 × 32 × 2 multilayer star coupler, which is useful for future 3-D photonic integrated devices.
Waveguide design
To design a practical platform of Si 3 N 4 /SiO 2 , there are several factors that should be considered, such as device footprint, loss budget, and functional compatibility. For this paper, we aim to optimize a platform for compact and low loss AWGs within 2.2 × 0.7 mm 2 . Therefore, the bending radius needs to be reasonably small. Figure 1 (a) illustrates the cross section of proposed waveguide, where Si 3 N 4 is the waveguide core and SiO 2 is the cladding. In Fig. 1(b) , the blue curve shows simulated confinement factors with varying waveguide core thicknesses and the red curve shows corresponding bending radii. As the waveguide core thickness reduces below 100 nm, the mode is less confined in waveguide core, and the minimum bending radius required for < 0.1 dB loss/90° bending increases rapidly, leading to large device footprint. However, thick (>400 nm) silicon nitride waveguide cores increase the possibility of stress-induced cracks. Therefore, this paper investigates 200 nm Si 3 N 4 core thickness that yields 50 μm bending radius.
Another consideration for the selection of waveguide core thickness is the requirement for thermal tuning for devices such as AWGs. Thermo-Optical Coefficient (TOC) of Si 3 N 4 is approximately 2.5 times that of SiO 2 [9] . Waveguides with small confinement factors will have a smaller fraction of optical mode confined in Si 3 N 4 and require a larger heater power to achieve the same amount of phase shift. Furthermore, thinner optical cores also require thicker overcladding, which makes the heater less effective in heating the waveguide core. For these reasons, thinner silicon nitride waveguide cores require higher electrical power to achieve a given amount of optical phase shift. 
Simulation and optimization of Si3N4 platform
Multilayer platform PICs occupies a smaller footprint compared to a single layer PICs of equivalent functionality. As Fig. 2(a) illustrates, it is important to achieve low loss vertical couplers that interconnect between the layers while keeping the crosstalk and scattering loss minimal at the crossings.
Figures 2(b)-2(d) simulate vertical coupling transmission with varying taper lengths, interlayer misalignments, and interlayer gaps, respectively. In Fig. 2(b) , the interlayer gap is 200 nm, and the vertical transmission decreases when taper lengths are less than 30 μm. In Fig. 2(c) , the taper length and the interlayer gap are 100 μm and 200 nm, respectively. In this case, lateral misalignments up to 1.2 μm still supports strong vertical coupling, and this design is applied to a process requiring strong fabrication tolerance. Figure 2(d) illustrates that the vertical transmission starts to decrease when the interlayer gap increases above 800 nm for the taper length of 100 μm. As indicated in Fig. 2(a) , light incident into a cross gets transmitted, reflected, scattered, or becomes crosstalk to other layers. As simulated in Fig. 3(a) , there is a trade-off between interlayer coupling transmission and crossing transmission as gap distance varies. The larger gap helps to reduce crossing loss while smaller gap improves vertical transmission. The value of gap optimized for ultra-low vertical coupling loss is 700 nm, where crossing loss is reasonably low. Another trade-off is between interlayer crosstalk and reflection by varying the crossing angle. Large crossing angle keeps low crosstalk while small crossing angle prevents reflection. Overall, platform optimization of the interlayer gap is to achieve low total insertion loss, based on the relative quantity between vertical coupler and multilayer crossing; while optimization of crossing angle is to meet devices application. 
Device fabrication
We fabricated the devices using ASML 
Characterization of vertical coupler and multilayer crossing
We characterize the fabricated devices by using single mode lensed fibers as input and output. The insertion loss of the straight waveguide is 3.2 dB including the facet coupling losses and the propagation loss in the straight waveguide. The coupling loss between lensed fiber and the waveguide is 1.5 dB per facet. The measured straight waveguide propagation loss is 0.3 ± 0.1 dB/cm. Figures 6(a)-6(c) illustrate measured transmission values for a waveguide crossing with a number of cascaded waveguides at another layer crossing at angles of 30°, 60°, and 90° with interlayer gap of 500 nm, 700 nm, and 900 nm, respectively. For a 700 nm interlayer gap, the measured crossing transmission is -0.167 dB at crossing angle of 90°. The corresponding crosstalk is −52 dB, as shown in Fig. 6(d) . 
Multilayer star couplers
Figure 7(a) shows an example of multilayer PICs composed of multiple connected couplers. On this PIC, there are 27 input ports that feed into nine 3 × 2 couplers on layer 1 (lower layer). The two outputs from the 3 × 2 couplers feed two different 9 × 32 star couplers, one on layer 1, and the other on layer 2 via a vertical coupler. By utilizing multilayer platform, the footprint of this PIC is reduced from 80 mm 2 to 40 mm 2 . In Fig. 7(b) , the output transmission increases by 2 dB per port from #15 to #32, resulting in >25 dB variation from multilayer crossing with 300 nm interlayer gap. Figure 7 (c) shows the 32 × 2 multiple output transmission with 800 nm interlayer gap. The corresponding variation is about 5 dB across all outputs, mainly resulting from the star coupler design. output ports on layer1 with 300 nm interlayer gap, where from port #15 to #32, the number of multilayer crossings increases from 1 to 18; (c) measured transmission of 32 output ports on layer1 (red) and 32 output ports on layer2 (black) with 800 nm interlayer gap.
Conclusion
We demonstrate a multilayer Si3N4 platform for compact 3D PIC with ultra-low interlayer coupling loss of 0.01 dB, low multilayer crossing loss of 0.167 dB at 90° crossing angle, compact bending radius of 50 μm, small interlayer crosstalk of −52 dB, strong fabrication tolerance of lateral and tangential misalignment up to 400nm and 15 μm. Our inverse taper vertical couplers also have a compact device footprint of 100 × 2 μm 2 , which is small compared to other vertical coupling solutions [3, 5, 6] and other inverse taper designs [7] .
